Background--We aimed to determine how single and combination antihypertensive therapy alters risk for diabetes mellitus (DM).Thiazide diuretics (TD), b blockers (BB), and renin-angiotensin system blockers (RASB) impact DM risk while calcium channel blockers (CCB) are neutral. DM risk associated with combinations is unclear.
T ype 2 diabetes mellitus (DM) is a major societal and clinical concern. In 2009, 655 000 adults were admitted to a hospital due to DM or related complications, and DM, which is a leading cause of cardiovascular (CV) morbidity and mortality worldwide, is associated with an estimated cost of $174 billion annually. 1, 2 These issues have forced consideration of controllable conditions that may predispose individuals to the development of diabetes. Hypertension is a prevalent health challenge in the United States, affecting %30% of adults and 5% to 10% of adolescents. [3] [4] [5] By 2025, it is anticipated to afflict 1.56 billion adults worldwide. 6 Hypertension prevalence is closely linked with obesity, and both increase risk for DM. 4, 7 While lifestyle modification remains the first step in the hypertension treatment process, most individuals will require one or more antihypertensive drugs, which could influence blood glucose and DM risk. 8 Use of antihypertensive drugs is common, and more than 472 million antihypertensive prescriptions were filled in US pharmacies in 2010.
9,10
Some analyses have suggested that concurrent use of thiazide diuretics (TD) and b blockers (BB) can increase risk for DM, while renin-angiotensin system blockers (RASB), including angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs), have been shown to reduce DM risk.
Little is known about whether, and to what extent, coprescribing drugs from different antihypertensive classes can result in drug-drug interactions that might alter the glucose modifying effects of individual agents. Such drugdrug interactions could increase or decrease the DM risk, having potential additive or multiplicative effects. Understanding the effects of combination antihypertensive medication regimens on DM development is important, given the increasing number of individuals who require combination therapy.
14 Therefore, our study objective was to assess risk for incident DM with combination antihypertensive therapy.
Methods
Kaiser Permanente Northwest (KPNW) is a group-model health maintenance organization that provides integrated health care to %475 000 members in the Portland, Oregon area. 15 
Matched Controls
To account for a potential DM diagnostic bias during followup, the pool of eligible controls consisted of patients with negative DM tests (values below the diagnostic threshold), where the index date for controls was the date of the negative DM test. Incidence-density sampling was used to select 10 controls per case, matching on date of the DM test (AE6 weeks), age at DM test (AE5 years) and date of cohort entry (AE6 weeks).
Drug Exposure
The primary exposures of interest were the dispensing of drug(s) within the BB, TD, RASB, and CCB antihypertensive classes. Exposure was defined as an active days' supply in the 30 days prior to index date. Prescriptions filled at index date were excluded.
Statistical Analysis
We used conditional logistic regression analysis to compute ORs and 95% CIs to evaluate associations between incident DM and drug exposure. We estimated both the main effects and the interactions between antihypertensive drug classes using the same statistical model. The drug-drug interaction term quantifies the excess (or reduced) risk beyond what would have been predicted from the combination of the individual effects of each drug. ORs for dual-antihypertensive therapy were calculated using the log odds of the parameter estimates and interaction terms and the covariate matrix (see Appendix S1 for equation). Dual therapy ORs represent the total risk of the drug combination, which includes the effect of each drug individually as well as any excess (or reduced risk) due to the combination of drugs. We considered as covariates gender, baseline age and FPG, as well as smoking status, lipid levels (including HDL, LDL, and triglycerides), systolic and diastolic blood pressure (BP), body mass index (BMI) and CV disease history defined as in-or outpatient visit with diagnosis of cerebrovascular disease (ICD9-CM 430-438), myocardial infarction (ICD9-CM 410, 412), congestive heart failure (ICD9-CM 428), coronary artery disease (ICD9-CM 414), or peripheral vascular disease (ICD9-CM 441, 443.9, 785.4, V43.4), all of which were assessed during the 6 months preceding cohort entry. To account for other medication use that could affect DM manifestation, we also included drug covariates defined during the 30 days prior to index date, including oral corticosteroids (prednisone, dexamethasone, hydrocortisone, triamcinolone, methylprednisolone, or prednisolone); statins (fluvastatin, lovastatin, pravastatin, simvastatin, atorvastatin, or rosuvastatin); and atypical antipsychotics and antidepressants (selective serotonin reuptake inhibitors, selective norepinephrine reuptake inhibitors, or tricyclic antidepressants).
Multiple imputation was used to impute missing values. The percentages of missingness for covariates were: HDL 12.4%, LDL 15.8%, triglycerides 10.3%, blood pressure 5.4%, smoking status 53.9%, and BMI 12.2%. All analyses were performed using SAS version 9.2, and P values <0.05 were considered statistically significant.
Results
Our cohort included 134 967 nondiabetic patients, with 412 604 glucose tests eligible for matching (Figure 1 ). From this cohort we identified 9097 patients who developed DM (cases), which were matched to 90 495 controls. Cases tended to be male with higher baseline FPG, BP, BMI, triglycerides and lower HDL, all characteristics consistent with an adverse metabolic phenotype ( based on a second measured glucose value or HbA 1c or continued use of diabetes medication(s). Drug exposure, by antihypertensive drug class or class combination, and risk for incident DM is summarized in Table 2 for cases and controls. Cases were more likely to be exposed to BB, TD, and RASB, overall and as part of a combination antihypertensive regimen. The top right quadrant of Table 2 describes the risk for DM based on exposure to each of the 4 drug classes individually. The lower right quadrant of Table 2 describes the risk for DM for each of the possible combinations of antihypertensive drug classes. There were no drug-drug interactions that significantly increased DM risk beyond the expected aggregate effect of the single drug classes. The combination of TD+RASB or BB+RASB resulted in significant interactions that had lower DM risk than would be observed from either the TD or BB alone. On the other hand, the combination of TD+BB and TD+CCB resulted in the fully combined diabetogenic risk of each agent, with adjusted ORs for DM of 1.99, 95% CI 1.80 to 2.20, and 1.52, 95% CI 1.28 to 1.82, respectively. A forest plot of the risk for DM for each drug class, individually and in combination with the other classes is shown in Figure 2 . In a sensitivity analysis restricted to DM cases with a subsequent positive DM test, we observed similar results with slightly higher estimates for the diabetogenic risk of TD or BB (Table 3) . We also observed similar DM risk for combination of TD+BB, OR 2.10, 95% CI 1.86 to 2.37, and TD+CCB, OR 1.62, 95% CI 1.31 to 2.01.
Discussion
To our knowledge, this is the first large, population-based study (over 130 000 individuals and over 410 000 available glucose tests) to investigate associations between different combinations of antihypertensive drugs on risk for DM. Our results indicate that treatment of hypertension with the combination of TD+BB was associated with significantly increased risk for DM, suggesting caution should be exercised when prescribing TD+BB combination therapy in individuals at risk for DM. Additionally, we found that interactions for combinations of TD or BB with a RASB were negative with regard to risk for DM, suggesting RASB are beneficial second line agents in those treated with a BB or TD. Importantly, these results remained consistent after sensitivity analysis.
A recent network meta-analysis of hypertension clinical trials ranked the association of antihypertensive agents with incident diabetes as lowest for RASB (ACE inhibitors and ARBs), followed by CCBs, which appear neutral, and highest for BB and TD. 13 Our data from the KPNW population are consistent with the findings in this meta-analysis of RCTs, suggesting that incidence of DM following exposure to antihypertensive medications is generalizable to a much broader, real-life population. The onset of alterations in glucose after exposure to TD or BB have been reported to occur within 9 weeks of treatment initiation, 17 and to continue with ongoing exposure. 18 The
European Guidelines on cardiovascular disease prevention in clinical practice (Version 2012), for the first time explicitly state that BB and TD are not recommended in hypertensive patients with multiple metabolic risk factors because of an increased risk for incident DM. This recommendation is considered Class III (harmful), and is associated with the highest level of evidence (A), suggesting an increasing level of awareness and significance of antihypertensive-related adverse metabolic effects. 19 Our data, showing increased risk with the TD + BB combination, are consistent with these recent guidelines. Treatment with RASBs, including ramipril 20 and valsartan, 21 has also been investigated with regard to DM prevention. While treatment with ramipril has been associated with a significant increase in regression to normoglycemia, it Patients who were exposed to none of the drug classes; these patients constituted the reference group for the individual drug analysis. ‡
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Journal of the American Heart Association has not been shown to significantly reduce risk for DM in patients with metabolic syndrome. 20 In patients with impaired fasting glucose, valsartan was associated with a significant 14% decreased risk for diabetes. 21 While the importance of DM prevention continues to be stressed, 22 and screening high-risk populations is cost effective, 23 DM prevention guidelines and reviews do not give consideration to raising awareness of pharmacotherapy with known diabetogenic risk, like TD and BB, or make recommendations for alteration of therapy where appropriate to reduce that risk. Our data found negative interactions in combination therapy including RASB and either BB or TD, suggesting these drugs may offset some DM risk with BB or TD monotherapy, and that patients treated TD+BB would benefit from routine DM screening. Whether DM that develops as a result of exposure to drugs with dysmetabolic effects has the same adverse consequences as DM that develops from other etiologies has been the subject of much debate. 24 Most recently, the Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) study, which observed increased risk for incident DM in patients treated with chlorthalidone, 25 did not observe excess morbidity or mortality associated with incident diabetes. 26 However, follow-up in the ALLHAT Extension Study may have been insufficient to adequately assess long-term adverse outcomes, and was not set up to assess microvascular complications. It is known that the deadly, debilitating, and costly complications of DM do not appear immediately after disease onset. Complications typically emerge a decade or more later, and importantly, the duration and extent of hyperglycemia predict complications. 22 Follow-up in most clinical trials is insufficient to fully elucidate the long-term complications that may arise and additional research in this area is warranted. In the meantime, in the absence of solid clinical trial evidence, caution seems warranted when equally effective therapeutic alternatives to BB+TD combinations exist. Our study has several strengths. First, we used a clinical practice data set (KPNW), which is a large primary care database containing longitudinal data on patients' medical history, and thus we were able to adjust for several important potential confounders, including baseline glucose blood pressure, cholesterol, smoking status and CV disease. Second, drug exposure was time varying as a result of the risk set sampling method used to select controls. Finally, we did sensitivity analyses, which, overall, produced results consistent with those of the primary analysis.
There are also some limitations worthy of mention. First, the identification of diabetes may have been subject to some misclassification. We relied on a single positive glucose test to establish incident DM, which may not reflect permanent dysglycemia. However, our sensitivity analysis, expanding the diagnostic requirement to include a subsequent test, confirmed our results. Second, based on the nature of an observational study design, residual confounding by indication and disease severity may be present. There could also be confounding by contraindication (eg, a physician refraining from prescribing TDs to a patient at a high risk of developing diabetes), which could have biased the results toward the null. Third, black race and Hispanic ethnicity have been associated with increased risk for diabetes, 27 however, data on race/ ethnicity were not systematically collected and thus are not reliably available in the KPNW dataset. It is estimated that only a small percentage of the KPNW population are nonwhite, and thus our findings require replication in other race/ethnic groups. Although we had access to BMI, we did not have waist circumference data, which precluded our ability to determine the presence of metabolic syndrome. However, our study did replicate known associations between antihypertensive monotherapy and DM risk based on RCTs, 13 and reassures the appropriateness in using the KPNW cohort to assess druginduced DM, after accounting for available clinical characteristics. Fourthly, use of pharmacy dispensing data to define drug exposure does not allow for assessment of duration of drug exposure, nor does it guarantee patient adherence; however, any resulting bias from drug exposure misclassification would likely result in a bias toward reduced associations between drug exposure and DM onset. Finally, the state-of-the-art EMR and clinical decision support within KPNW, in addition to focus on a privately insured and predominantly white population, may reduce study generalizability.
In conclusion, we found that antihypertensive regimens composed of either a TD or a BB were associated with increased risk for development of DM in the KPNW population. While the long-term implications of drug-associated diabetes are unclear, our observation that the DM risk for TD+BB combinations was stacked, with the full diabetogenic effect of each of the drugs being realized, suggests that TD+BB combination should be avoided in cases where alternative combination regimens with similar BP lowering efficacy are available. Conversely, treatment with a RASB in combination with a BB or TD resulted in drug-drug interactions that were negative, suggesting RASB containing combination may be preferred in those at increased risk for DM. Further research is needed to confirm our findings regarding association of antihypertensive combination therapy and DM risk.
Sources of Funding
This study was supported, in part, by the NIH National Heart Lung and Blood institute (K23HL086558) and NIH National Institute of General Medicine Sciences (2U01 GM074492) (Dr. Cooper-DeHoff).
